Abstract
Introduction
Multi-dimensional simulations of director profiles and local transmission of liquid crystal displays (LCDs) are useful to predict the brightness and optical response in monitor [1] and projection [2] applications. In general, the (extended) Jones [3] or Berreman [4] methods have been used to calculate the optical transmission. These methods do not take into account diffraction effects and are expected to break down in the case of rapid lateral variations of the director profile (i.e. at distances in the order of the wavelength of light).
Alternative methods, which do account for this diffraction effect, are the finite-difference time-domain (FDTD) method [5, 6] , the (wide-angle) beam propagation method (BPM) [7] and the grating method (GM) [8] . As far as we know, the GM has not yet been used for simulations of LCDs in more than one dimension. To reduce the computational burden of this method, we developed a reduced-order grating method (RGM) [9] .
The results of calculations using various methods will be compared with experiments on In-Plane Switching (IPS) structures [10] . We choose IPS cells because (1) they may be considered as two-dimensional (2D) and hence the results can be compared to 2D calculations, (2) they have shown good agreement [1] between calculation and experiment at normal voltages (i.e. below that of maximum transmission) and (3) at high voltages they may exhibit a rapidly varying director profile.
It will be shown that, in cases where the Jones calculus breaks down, the FDTD, BPM and (R)GM results compare well with experiment.
Methods
An IPS test cell was made with interdigitated transparent (indium tin oxide) electrodes. The cell has the following characteristics: cell gap 4 µm, electrode width 6 µm, electrode period 12 µm, pretilt 1 o , pre-twist 10 o , and liquid crystal material ZLI-4792 (Merck).
Microscopic measurements were done at a wavelength of 550 nm between two polarizers with one of the polarization directions parallel to the rubbing (pre-twist) direction. Below we will indicate the exact orientation of the polarizers. The microscope was focussed at the middle of the cell gap (on the spacer balls). An objective lens with a numerical aperture (NA) of 0.55 was used. In normal microscopy, the NA of the condenser should be somewhat larger than that of the objective. However, if one wants to resolve diffraction effects, as in our case, the NA of the condenser should be as small as possible [11] . We found that in practice an NA of about 0.2 is adequate to resolve the structure while retaining sufficient light.
In this way microscopic images can be made with a linear CCD camera. An example of a microscopic image of the IPS cell is shown in Figure 1 . From such an image it is possible to make a line scan (see Figure 4a) by averaging the intensities in the vertical direction.
The 2D director profiles were calculated with the 2dimMOS program [12] , which uses a finite-element method and a vector approach. With this program also the transmission can be calculated using the Jones or the Berreman method. (The latter gives the same results as the Jones method for the structures considered here.) The calculated director profiles serve as input for the (R)GM and BPM calculations.
The GM relies on an expansion of the optical dielectric tensor and electromagnetic fields in the transverse direction(s). The resulting propagation equations are solved numerically [8] . The method is exact in the directions for which the transmission is calculated. First we developed a straightforward 2D GM. A disadvantage of this method is that the computation is time consuming and needs a large computer memory. Therefore we developed a reduced-order grating model (RGM) based on the projection of the MarcuvitzSchwinger equations on Krylov subspaces and on the application of the singular-value decomposition technique [9] . It was found that the calculation time was reduced by up to two orders of magnitude if compared to the ordinary GM. Here we will present the first results using these methods.
The FDTD method is also a fully explicit method, leading to a direct solution of Maxwell's equations for the propagating wave [5] . Its accuracy is only limited by the discretization used. Like in the ordinary GM, the computational burden is large. For that reason the paraxial BPM was developed. This method in principle is less exact, since it neglects the second derivatives of the field envelopes along the axial direction. However, the wide-angle BPM employed here is accurate for scattering angles up to ±30 o , since it depends on a first-order perturbative expansion of the axial derivatives [7] .
Results

Low-voltage behavior
The transmission-voltage curve of the IPS cell increases monotonically from 0 to 5.5 V. This part of the curve is normally used in a display. As was shown before [1] , in this voltage region the microscopic measurements agree well with calculated results using the Jones method. From Figure 2 it can be seen that the measured line scans (Figure 2a ) compare reasonably well with the Jones and RGM calculations (Figure 2b ). We found that in this region all calculation methods, Jones (or Berreman), GM (or RGM), BPM and FDTD give essentially the same results.
High-voltage behavior: model a
Above 5.5 V the transmission decreases. One reason for this is that the twist may become larger than that needed to be parallel with one of the polarizer directions. Another reason is that the director not only rotates in plane, but also in the vertical direction [1] .
Two types of director profiles were used to calculate the transmission as a function of lateral position. First we will discuss the profile calculated with the vector approach (Figure 3a) . In Section 3.3 we will discuss a profile in which the director has a homeotropic (vertical) orientation and two disclinations above the center of the electrode (Figure 3b ). 
LP-3 / D.K.G. de Boer
electrodes (x = 6 µm), where the change in director profile is largest. The Jones calculus (Figure 4b , thin line) does not reproduce this peak, but the (R)GM and BPM calculations do. Figure 4b (black line) shows the RGM calculation, whereas Figure 5 compares the results of the Jones, RGM and BPM methods. The latter two show good mutual agreement.
The reason for the minimum in the Jones calculation is that above the electrode center the director is nearly parallel to the electrodes. In reality, waves passing through that part of the cell will interfere with waves passing through neighboring regions where the director is nearly vertical, having a completely different refractive index. This effect is taken into account properly by the (R)GM, BPM and FDTD methods.
These interference effects depend on the polarization state of the incoming light. The dashed line in Figure 4a shows the measurement with the polarizers rotated over 90 o if compared to the solid line. In that case the peak above the center of the electrode is hardly visible. This is in agreement with the result of the RGM calculation (Figure 4b, dashed line) , which only shows a small peak.
The polarization-dependent interference effects are even more clearly visible for parallel polarizers. Figure 6a shows the measured line scans for both polarizers parallel and both perpendicular to the pre-twist direction, respectively. In the parallel case three distinct peaks are seen above the electrode; in the perpendicular case there is one broad peak with hardly any structure. These features are qualitatively reproduced by the RGM calculations (Figure 6b ). In the parallel case, the calculated peak above the center of the electrode is very high. This is not an unphysical artifact, since interference may cause the director pattern to work like a lens. The fact that the measured intensity is lower, cannot be explained completely by the finite NA of the condenser. We think that the reason is that the real lateral director fluctuations are smaller than those calculated.
The Jones calculation does not give any difference between the 0 o and 90 o configurations. The reason is that in the Jones calculus no interference with light passing neighboring regions is taken into account. Instead, the LC is considered to be a retarder, which converts linear polarized light into elliptical polarized light. If the entrance polarizer is rotated over 90 o the output ellipticity is the same, with the ellipse rotated over 90 o .
High-voltage behavior: model b
Finally we want to discuss the validity of the calculated director profile. In the vector approach of Figure 3a the directors at the left and right sides of the center are pointing into different directions.
In the vector calculation a state with the directors 'anti-parallel' will have a high energy. Hence the calculated structure with the director nearly parallel to the electrodes can be expected to be that of minimum energy. In reality, however, that needs not to be the case and a state with 'anti-parallel' vertical alignment might be possible. In Figure 3b such a state has been depicted. We made this profile by adjusting the calculated director profile. To accomplish this, disclinations should be present just above the center of the electrode and also near the top of the cell. The results of calculations with this director profile are shown in Figures 4c and 6c. We found that the calculated line scans were not very sensitive to the details of the profile. In principle one may use the tensor method to avoid the 'anti-parallel' orientation, but this method has shortcomings too [13] .
In the case of crossed polarizers ( Figure 4c ) the director profile with disclinations does not show a peak above the electrode center. In the case of parallel polarizers ( Figure 6 ) the calculated structure is roughly the same for both considered profiles, in qualitative agreement with experiment. From the above we conclude that a director profile with a rotational deformation is more likely than one with disclinations.
Conclusions
We have shown that rapid lateral variations in the director profile may lead to variations in transmission that cannot be reproduced using the Jones calculus. Calculations that include diffraction effects are needed to account for the observed phenomena. We found that the measured diffraction patterns can be used to distinguish between director profiles.
This kind of calculation is expected to be useful to explain the details of the optical behavior of micro-displays and multi-domain LCDs.
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